The contact resistances investigated in this study of anisotropic conductive adhesive film joints using Au/Ni bumps and flexible substrates are found to be increased by the drop impact energy and also by the combined effect of heat/humidity and the impact energy. The samples humidified at 85°C/85% RH for 384 h, on which impact energy of 50 J was induced, exhibit the most severe results. The contact resistance increases by 700%, which had been about 0.062 ⍀ in the as-bonded condition. The samples without humidification showed a sluggish and gentle increase in contact resistance with induced drop impact energy. The contact resistance was found to be increased by 400% after absorbing 90 J energy. Scanning electron microscopy images show particle deformation due to abrasion and friction between the contacting surfaces resulting from the sudden impact. Joints are also observed with no connections, which signify open circuits. Almost 25% of circuits were found open in the samples (after 384 h in a humid environment), which have suffered severe mechanical shock. Breaking of the conductive layer of the particle and exposing the underlying polymeric portion was also observed.
I. INTRODUCTION
Anisotropic conductive film (ACF) consisting of conducting particles in an adhesive matrix provides both attachment and electrical interconnection between electrodes. ACFs are widely used for high-density interconnections between liquid crystal display (LCD) panels and tape automated bonding as a replacement for traditional soldering or wire bonding technology. ACF has the advantage of low-temperature assembly, high-density interconnections, fluxless bonding, and low fabrication cost. [1] [2] [3] [4] Therefore, ACFs are also expected to increase in use as new interconnect materials in semiconductor packaging that requires smaller and thinner dimensions and very high density interconnections. Their application on flexible substrates in such cases as smart cards, disk drives, and driver chips for LCDs have attracted much interest and widespread use. 5 ACFs are adhesives films with anisotropic properties induced by dispersing 0.5 ∼5 vol% of conducting particles into thermoplastic and thermosetting polymer matrices. The dependence of the volume fraction of conducting particles on the conductivity is strongly related to directions in the film. That is, a film filled with a low volume fraction of conducting particles gives a through film (z axis) resistance of less than 1 ohm while providing high resistance in the X-Y plane. 6 By controlling the volume fraction of conducting particles, anisotropic conductivity can be imparted to the adhesive film. In a thermo-mechanical system, the adhesive resin melts with the application of heat and pressure, and conducting particles dispersed in the matrix are trapped between conductor surfaces. As a result of this, the film has high through film (z axis) conductivity, while also having high insulation resistance in the X-Y plane of the film because all the conducting particles exist independently in the X-Y plane. The mechanical contacts between conducting particles and bonding electrodes are retained by the strong adhesive strength of the polymer matrix. Therefore, the thermal and mechanical properties of the polymer matrix have a significant influence on the interconnection reliability of ACFs.
Although ACFs have many advantages, two major problems remain unresolved: they have poor impact resistance and unstable contact resistance especially at high temperatures and high humidities. High impact resistance is a critical parameter for a high-performance ACF joint. Without adequate impact resistance, an ACF joint cannot survive significant shock loadings during its life starting from those during assembly and extending to the end of the product life. 7 The components joined by ACF become detached from the printed circuit board when the assembly experiences significant shock loadings during assembly, handling, and throughout the product life. 8 Drop impact resistance of a material is closely related to its damping property, which is defined as its capability to dissipate energy, and is represented by the loss factor. Dissipating mechanical energy into thermal energy is dependent on the viscoelastic nature of a polymeric material. 9, 10 When a viscoelastic material is stuck to a vibrating substrate and a constraining package is placed on top, internal friction created by segmental chain motion results in heat buildup within the polymer and subsequent absorption of the vibrational energy.
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As an ACF is made from a polymeric as well as a viscoelastic material, the drop impact resistance of an ACF needs to be examined to assess the reliability of the ACF joint for fine pitch interconnection in microelectronic devices. Again, as the ACF is vulnerable under high temperature and high humidity conditions, flip chip on flex (FCOF), humidified for several hours at elevated temperature, needs to be examined under drop impact test conditions. The objective of this paper is to study the drop impact behavior of ACF joints on flex substrates as a function of drop impact energy and also to see the effect of this combined with the heat and humidity on FCOF joint.
II. EXPERIMENTAL
The flexible substrates were 50-m thick and the height of the gold/electroless nickel-coated copper (Au/Ni/Cu) electrodes was about 14 m. A Sony ACF (an adhesive film consisting of epoxy matrix and conductive filler particles) that had the capability for making fine pitch on flex joints was used in this study. The thickness of the ACFs was about 35 m. Conductive particles with a diameter of approximately 3.5 m (resin + Ni/Au plating + insulating coating as shown in Fig. 1 ) were distributed in the adhesive matrix, with a concentration of 3.5 million/mm 3 . The modulus of the ACF is 1.6 GPa at 30°C and 0.03 GPa at 180°C. The test chips had a size of 11 × 3 mm 2 with 300 Au/Ni bumps having a height of 4 m and a size of 70 × 50 m 2 . The modulus of the chips is 200 GPa at 30°C and 150 GPa at 180°C.
The pre-bonding process was carried out using a Karl Suss FCM manual flip chip bonder at a temperature of 90°C with 0.3 MPa pressure for 5 s. This was followed by final bonding by using a Toray FC 2000 semiautomatic flip chip bonder at 180°C and 60 N for 10 s.
The schematic diagram of the bonding process is illustrated in Fig. 2 . After bonding, the flexible substrate was pasted on the FR4 board (3.8 × 4.8 cm 2 and the thickness is 1.8 mm, the modulus of which is 24 GPa at 30°C and 8 GPa at 180°C) as shown in Fig. 1 . For every test, 5 samples were prepared to check the repeatability. The contact resistance in each bump of 5 samples was measured, which means the contact resistance of 1500 bumps were measured on each condition, and the average results were reported with variations in databar.
The impact tests were carried out using a CEAST instrumented drop weight impact tester with a fixed dropping weight of 3.164 kg. A schematic diagram of the test set is shown in Fig. 1 . A variable dropping height (from 0.2 to 0.5 m) and number of drops (from 1 to 6) were used to get the desired impact energy, which can be set automatically by the computer software (such as for 6 J the settings were 0.2 m height and 1 drop). After a fixed amount of energy was given by the impacts, the contact resistance of the samples was measured using a fourpoint probe method on five samples for each condition, and the average result has been reported with databar. The relative humidity tests were done in an autoclave with test conditions set at 85°C and 85% relative humidity and 1 atm ambient pressure. The tests read out times were selected as at 48, 96, 192, 288, 336, and 384 h. At these times, the variable impact energy was used, and the contact resistances were measured again in each bump of five samples for each condition. The samples were then mounted in epoxy resin and crosssectioned. A Philips XL40 FEG scanning electron microscope equipped with an energy dispersive x-ray (EDX) analysis system manufactured by EDAX International was used to inspect and analyze the micro-joints of the FCOF packages, especially the chip/conductive particle metallization interfaces.
III. RESULTS AND DISCUSSION

A. Mechanical shock
In the drop impact test, the FR4 board absorbs the major portion of the energy, and a portion of the remaining energy is transferred to the ACF joints through the flexible substrate and ACF itself. Figure 3 shows the measured variation of contact resistance with absorbed drop impact energy. This figure shows that for higher absorbed energy, the contact resistance increases almost linearly. Contact resistance crosses 0.15 ⍀ at 30 J, which will make the ACF joint vulnerable. From 6 to 90 J, the contact resistance increases more than 400%, which signifies the vulnerable nature of ACF joint under dropping load. So it can be stated that under the drop impact energy, the contact resistance increases with the increase in energy and without the effect of other factors (i.e., heat and humidity) it almost shows a linear incremental behavior. There are several reasons behind this such as reduction of initial contact areas through particle deformation, conductive layer separation, delamination due to shearing motion, and delamination due to the difference in coefficient of thermal expansion.
From the scanning electron microscopy (SEM) micrographs, it is found that the conductive particles under mechanical shock change their shape. During bonding, the particle, which comes between two contacting surface (bumps and pads), becomes deformed to the bonding load (here 60 N load has been applied). Then, due to the deformation, the spherical conductive particle becomes elliptical or oblate spherical. Other conductive particles, which did not come between the contacting surfaces, will still remain spheroids. Such particles are shown in Fig. 4 . After bonding, the particle shape is likely to be oval, but after several shocks, the shape of the particle becomes deformed. Again during bonding, a temperature (180°C) and load (60 N) has been applied. At this high temperature, which is above the glass transition temperature of ACF (131°C), the ACF becomes soft, and due to the simultaneous application of pressure, the bump and pad comes very close together through the ACF. This thermomechanical operation makes the bond line thickness so low that it becomes 1 m or even lower. Due to this very low bond line thickness, any shearing motion will cause the deformation of conductive particle. Figure 4 shows a deformed particle abraded by meeting bumps and pads. As the chip package suffers mechanical shock by the drop impact energy, the substrate suffers an upward reaction from the support while the chip suffers a downward force by the impact of the load, which causes a mixture of abrasion and friction in the joint (Fig. 5) . Internal friction created by segmental chain motion results in heat buildup within the polymer and subsequent absorption of the vibrational energy. 11 As a result of this vibration, a shearing motion between the chip and the ACF causes the conductive particle deformation. The reason behind this shearing motion is that the chip is not rigidly fixed with the substrate and it is glued with by an ACF. Due to this shearing motion, the conductive layer of the filler particle breaks, leaving the polymer inside exposed. A clear investigation during the test shows that there is no sign of bending or buckling in the FR4 board. By applying drop impact energy on a bare FR4 board (no flexible substrate attached), it was tested whether the FR4 suffers any bending or uniaxial compression. No bending was detected during and after the test in the FR4 board. As there is no elastic and plastic bending or buckling in the FR4 board, the degradation due to a perpendicular force is negligible and no sign of film delamination was observed. So only the shearing force due to drop impact energy has caused the damage of the joint. Figure 6 gives a 40 more severe result. The extreme abrasion has loosened the particle in such a way that the central polymeric portion has been spalled out, leaving the conductive portion attached to the bump and pad. Sometimes under drop weight impact, the conductive layer of the particles became broken exposing the polymer (Fig. 7) . Under a drop impact force, the bump and pads also tend to become eroded and deformed. The force applied during testing of FCOF packages effects the deformation and erosion of the conductive layer within the ACF, which in turn affects the electrical performance of the interconnects.
When the impact energy is sufficiently large, the absorbed energy bursts the outermost layer of the conductive particle exposing the polymer sphere, which is an insulator. As a result, the conductive property of the ACF is lost and it becomes an insulator, which resists the current flow between the two pads. Also with excessive abrasion, a large amount of local heat was generated between the bumps and pads. There is a significant difference in the coefficients of thermal expansion between the bump (4 to 10 ppm at 160°to 190°C) and the ACF (133 ppm at 160°to 190°C), and this mismatch probably helps to cause delamination of the ACF from the chip surface. This kind of delamination leads reliability problems in the service life. During bonding between the chip and flexible substrate, a localized elastic stress is stored in the joint, and when the joint experiences a further significant level of energy, this residual stress is released, ultimately the joint becomes weak and fails. Figure 8 shows the contact resistance of ACF joints for humidified flip chip interconnections on flexible substrates (85°C, 85% RH, 1 atm). The result shows an increase in contact resistance by 50% from 0 h to 48 h in the autoclave without any mechanical shock. An almost constant rate of increase was observed in the autoclave reaching 0.143 ⍀ at 384 h in these humid conditions. Contact resistance of ACF joints mainly depends on the number of conductive particles trapped between bumps and pads, the successful removal of insulation layer, and contact area of deformed particles. However, increment of contact resistance in accelerated test is mainly due to the shrinkage of contact area, which is induced by the growth of hydrolytic crater and hygroscopic swelling of ACF. During humidity test, the ACF swells and becomes detached from the substrate, which causes the rise in contact resistance. Again, the formation of hydrolytic crater causes the oxygen to be adsorbed in the ACF, which is another reason of rise in contact resistance. Figure 9 shows the variation in contact resistances of humidified joints as a function of variation in drop impact energy. Figure 10 shows the percentage open circuit for samples that have suffered heat, humidity, and a number of different levels of the drop impact energy. It can be seen, as expected, that at different impact energies, the maximum percentages of open circuits were found in those samples, which have been kept in the humidity chamber for the longest time. This rate normally increases with the severity of the test as in the case of humidity/heat and the amount of drop impact energy. There are several causes for this increment of contact resistance for samples that have kept under humid conditions. One of the most common is the debonding of the chip from the ACF. Previous studies 13 showed that an ACF is very sensitive to moisture and prone to swelling that leads to shrinkage in the contact area and fracture at the bonding interface. Water molecules can diffuse into the adhesive matrix and further oxidize or hydrate the metal surface thus reducing the electrical and mechanical performance of the joint. Moisture degradation occurs by hydrolysis of the ester linkages [R-(C‫ס‬O)-OR]. Such hydrolytic attack breaks the polymer chain creating two new end group members, a hydroxyl and a carbonyl group. Free hydroxyl, which forms due to moisture absorption as an oxidation product resulting from thermooxidative process, supports the degradative reaction occurring with increasing exposure to heat and humidity. 12 When an ACF joint is kept in a humid environment at say 85°C/85% RH, the joint becomes vulnerable, and its contact resistance increases more than double after 384 h. In this situation, the joint becomes very weak and susceptible to failure.
B. Mechanical shock of humidified sample
When the amount of impact energy is small, the contact resistance increases gently with the time in the humidity chamber (Fig. 9) . But for the samples kept in humid conditions for longer times and on which an increasing amount of impact energy (above 30 J) is imposed, a rapid rise of contact resistance occurs, which can be clearly observed for the case where the samples were humidified for 384 h as seen in Fig. 9 . Also, one can see that the percentage open circuits for these samples are found to be 15-20%. Figure 11 shows a typical open circuit caused by humidity and mechanical distress. Again, in a severe case of drop impact (above 40 J), almost all the samples showed a rapid rise in contact resistance with the maximum contact resistance observed at approximately 0.5 ⍀ for the sample that was kept in the humid chamber for 384 h. Note that for samples that were not exposed to a humid atmosphere, the highest contact resistance of 0.35 ⍀ was achieved with a 90 J impact force, but the same resistance was achieved for the sample that was kept in the humid chamber for 384 h, when only 23.5 J was given to it as a drop impact.
From EDX analysis, a relatively large amount of oxygen was observed in the sample humidified for 384 h (about 20-22%), which is the combined oxygen of epoxy and oxide layer. As there was a lesser amount of oxygen (only oxygen from the epoxy) for the samples at 0 h (3-5%), this observation is an evidence of oxidation activity. The existence of oxygen shows that there is an oxide layer formed at the Cu surfaces after 384 h. Oxidation weakens the strength of the joint as described earlier. 13 Humid test conditions also caused hydrolysis at the ACF outer surface as observed in Fig. 12 . Its severity and the amount of hydrolyzed craters increases with test time. This is another feature of corrosion at an ACF joint, which causes degradation of the joint. The hydrolyzed ACF/substrate joint deteriorates the mechanical strength, impact resistance, and adhesive strength of the joint. The combined effect of hygroscopic swelling, oxidation, forming hydrolytic craters, particle abrasion, and deformation of conductive particles all contribute to the failure susceptibility of ACF joint.
IV. CONCLUSIONS
In this paper, the behavior of ACF joints have been examined under drop impact loads with or without the effects of moisture. There is a significant evidence of particle deformation due to severe abrasion and friction between the contacting surfaces after drop impact. An erosion of the outer conductive layer is also observed exposing the inner polymer ball. A certain amount of deformation of bumps and pads were also observed, which confirms the results of abrasion. Hygroscopic swelling, hydrolytic craters, and oxidation as a result of heat/humidity cause the joint to weaken so that after some mechanical working it debonded easily. A 25% open circuit (maximum) was found in the most severe conditions. The contact resistance is found to increase from 0.062 ⍀ in the as-bonded condition to approximately 0.5 ⍀ when the samples are kept in humid conditions (85°C/85% RH) and suffered impact energy of 50 J. It is observed that an ACF joint can survive a mechanical shock of up to 40 J in the absence of humidity but after that it becomes vulnerable. This result is significantly reduced when humidity and heat are applied prior to mechanical shock.
